In this study, we report the in-situ hydrothermal synthesis of mesoporous nanosheets of cobalt oxyhydroxide (CoOOH) on nickel foam graphene (Ni-FG) substrate, obtained via atmospheric pressure chemical vapour deposition (AP-CVD). The produced composite were closely interlinked with Ni-FG, which enhances the synergistic effect between graphene and the metal hydroxide, CoOOH. It is motivating that the synthesized CoOOH on the Ni-FG substrate showed a homogenous coating of well-ordered intersected nanosheets with porous structure. The electrochemical properties of the material as electrode showed a maximum specific capacity of 199 mAh g −1 with a capacity retention of 98% after 1000 cycling in a three electrode measurements.
Introduction
Recently, research on electrode materials for supercapacitor applications has become one of the most important research topics in energy storage materials. Supercapacitor has received much attention due to its advantages of long cycle life, moderate specific energy density (~10 Wh kg -1 ), high power density (>10 kW kg -1 ) and short charging time [1] [2] [3] . These characteristics meet the increasing demand for power tools, hybrid electric vehicles and timedependent electric power systems for portable electronics [4] . In the supercapacitor, the electrode material plays a significant role in the electrochemical capacitive performance. In the last decades, different types of electrode materials have been used in supercapacitor including carbonaceous materials, transitional metal hydroxides/oxide and conducting polymers [1, 2, 5, 6] . Amongst these transitional metals, hydroxides/oxides have received much attention for high-performance due to their high specific capacitances, low costs, low toxicity, great flexibility in structure and morphology [7] [8] [9] [10] [11] [12] [13] [14] .
In addition, the cobalt oxyhdroxide is an improved charge storage material due to its morphology control nature of micrometer/nanometer scale and reasonably lower material costs [15, 16] . However cobalt oxyhdroxide practical capacitance is less than 200 Fg -1 due to its low conductivity [17] . To improve the ionic transportation and electrical conductivity, various metal nanostructures and composites combined with carbon materials such as activated carbon, conducting polymers and graphene, with high surface area and high conductivity have been studied [18] [19] [20] [21] [22] . Among these materials, a porous and light-weight, graphene foam material (i.e. 3D structured graphene from nickel form templates) has been studied extensively as an ideal matrix for the growth of metal nanostructures because of its high conductivity [23] [24] [25] [26] . Different kinds of nanostructured metal hydroxides/oxides have been deposited on graphene foam (GF) electrodes for supercapacitor applications [27, 28] . For instance, Zhu et al. [9] considered Cobalt oxide (CoO) nanorods cluster on three-dimensional graphene(CoO-3DG) through a facile hydrothermal method followed by heat treatment which improved electrochemical capacitive performance, Dong et al also produced 3D 
Materials characterizations
The as-prepared Ni-FG and CoOOH film on Ni-FG were characterized by X-ray diffraction (XRD) using a XPERT-PRO diffractometer (PANalytical BV, Netherlands) with theta/2 theta geometry, operating with a Co Kα radiation source (λ = 1.789 Å). The XRD spectra were acquired at a scanning rate of 0.2 s −1 and 2θ range of 15 to 70 0 . Raman spectroscopy measurements were carried out using WITec Alpha 300 micro-Raman system with 532 nm excitation laser. Raman spectra were measured at room temperature with the laser power set below 5 mW in order to minimize heating effects. The SEM images were obtained on a Zeiss
Ultra Plus 55 field emission scanning electron microscope (FE-SEM) operated at 2 kV beam and the working distance (WD) of 2.7 mm. The FE-SEM is equipped with an energydispersive X-ray spectrometer (EDX).
Electrode preparation and electrochemical characterization
The performance of Ni-FG and CoOOH film on Ni-FG were investigated using a Bio-Logic VMP300 potentiostat (Knoxville TN 37 These curves show the redox peaks which could be mainly due to electrochemical surface reactions on the CoOOH material corresponding to cathodic and anodic peaks at ~ 0.1 and ~ (1) From this redox equation, a theoretical specific value of 1747.9 mAh g -1 in 6M KOH electrolyte is deduced. In figure 6 (b) , it can be seen that as the scan rate increases, the anodic peak shifts positively whereas the cathodic peak shifts negatively and this shift is attributed to the polarization of the electrodes due to the electrolyte ions diffusion in the porous structure of the electrode during redox reaction at the higher scan rates. The shapes of the curves (showing reduction and oxidation peaks) indicate that the predominant mechanism of charge storage in this material is based on Faradic characteristics [15] . electrolyte [47] . From the CD curves, the specific capacity Q D of the electrode was calculated using the following expression:
Results and discussion

Morphology and structure
Electrochemical characterization
where І is the discharge current (A), t is the discharge time (s), m is the mass of the active material (g), and Q D is the specific discharge capacity (mAh g −1 ). The specific capacity of CoOOH/Ni-FG as a function of the current density is shown in figure 6 (d) . At a current density of 0.5 A g −1 , the specific capacity of the CoOOH/Ni-FG electrode was calculated as −1 . This value is one order of magnitude smaller than the theoretical value and this could be due to the poor crystallinity of the obtained CoOOH material after etching of Al from the CoAl-LDH. Furthermore, poor conductivity of metal oxides and hydroxides, in general can also impede the electrochemical performance of the electrode. This resistance is estimated from the Nyquist plot by reading the intercept on the x-axis of the high frequency region and is found to be 0.94Ω. At low-frequency region, the circuit represents the Warburg impedance, W, due to the diffusion/transport of OHˉ ions within the porous structure of the electrode during the redox reactions and indicate the capacitive behavior of the electrode [48] . In addition, the Warburg impedance, W, can be expressed as [49] : ,
where A is the Warburg coefficient, ω is the angular frequency. In the equivalent circuit (the inset to the figure 7 (a) ), the solution resistance, R S , is connected in series to the constant phase element Q and the charge transfer resistance R CT . However, R CT and Q are connected in parallel to each other forming a circuit which models high-frequency to mid-frequency region of the Nyquist plot and this is attributed to the ideal capacitance of the electrode. The constant phase element Q, can be expressed as [50] :
where T is the frequency-independent constant with dimensions of (F cm -2 ) n related to the roughness and pseudocapacitive kinetics of the electrode surface, the values for n range from -1 to 1 and can be calculated from the slope of the log Z versus log f. For values of n = 0, Q acts as a pure resistor and for n = 1, Q acts as a pure capacitor and for n = -1, Q acts as an inductor [51] . Furthermore, at the low frequency region, an ideal electrode yields a vertical line parallel to the imaginary axis with a mass capacitance given by Q. The deviation from this ideal behaviour is attributed to the leakage resistance R L which is connected in parallel to the C L in the equivalent circuit. C L denotes the pseudocapacitance which arises due to the Faradaic charge transfer process [49] . The n-value obtained from the fitting of the Nyquist plot for the CoOOH/Ni-FG electrode was 0.91. Therefore, the fitting results for n show a capacitive behaviour of the electrode. A summary of the CNLS fitting parameters from the experimental impedance spectra (Figure 7 (a) ) is presented in Table 1 .
Table1: A summary of the CNLS fitting parameters from the experimental impedance spectra, as shown in Figure 8 (b).
The cycling stability of the CoOOH/Ni-FG electrode was investigated at a current density of 10 A g -1 for 1000 cycles, as shown in figure 7 (b). The CoOOH/Ni-FG electrode shows the specific capacity of 95 mAh g -1 at 10.0 A g −1 with 98 % capacity retention after 1000 cycles.
Nyquist plots (Figure 7 (c) ) of the CoOOH/Ni-FG electrode before and after 1000 chargedischarge cycles shows similar curves, suggesting good electrochemical stability of the active material.
Morphology and structure after electrochemical analysis
The structure of the electrode material after electrochemical measurement is presented to elucidate any structural change or degradation that might have occurred during the cycling process. Figure 8 Al concentration is still high (as observed before electrochemical analysis in figure 5 and that confirms structural stability of CoOOH compound. This is further supported by Raman spectra obtained before and after electrochemical analysis which shows similar spectra confirming a good stability in the structure of the CoOOH electrode material and the underlying graphene sheet (see figure 10 (a) ). In order to compare our results with other cobalt-based faradic materials, we recalculated the specific capacity from the estimated discharge time and current density from the articles that are being referred to in figure 10 (b) in order to report the realistic values as suggested by Laheäär et al [52] . Figure 10 in this work and other previous published reports by Deng et al. [32] , Zhu et al. [9] , Nguyen et al. [10] , Zhao et al. [30] , Ghosh et al. [53] and SengáTan et al. [12] . Our results are superior to the previously published Co-based electrode materials for supercapacitor applications. [10], Zhao et al. [30] , Ghosh et al. [52] and SengáTan et al. [12] .
Conclusion
The In addition ,the supercapacitor also exhibit good cycle stability with a 98 % capacity retention after 1000
cycles. These results suggest that the CooOH/Ni-FG electrode material has great potential as a high capacitiy device and is further expected to contribute significantly to the ongoing scientific reports on Faradaic electrode materials for electrochemical applications.
